Aluminium foam elements foamed into moulds, have a porous core, surrounded by a thin layer of non-porous outer surface. This layer affects the homogeneity and mechanical properties of the element significantly. To produce functional elements, the foams can be machined to a desired end shape. Machining deforms the surface structure, which results in a reduction of strength properties. This article describes an experimental approach to determine the effects of machining parameters on the surface porosity of closed-cell aluminium foam samples. The samples were machined by incremental forming and friction rolling with precisely defined processing parameters (deformation depth, feed rate and spindle speed). High-resolution digital photos of the treated surfaces were taken and analysed using image segmentation with a multispectral threshold algorithm. The change of surface porosity was calculated for each sample, and the influence of the selected machining parameters was determined by the use of response surface methodology. The optimal machining parameters are presented.
Introduction
In recent years, interest in metal foams has increased significantly. The main reasons are new concepts in the construction of ultra-light and energy absorbing products and structures, especially in transportation and construction [1] . With their unique combination of structural properties on the one hand and basic material properties on the other hand, metal foams have great potential for future use in many applications [2] .
Foamed materials retain some of the physical properties of their basic material (e.g. noncombustibility, electrical conductivity), while some physical, thermal, electrical and acoustic properties change significantly [3] . Metal foams are materials with cellular structure, consisting of hard metal and air pores, which comprise 75 % to 95 % of the total volume. Based on their cellular structure (morphology), they form closed-cell elements or stay as open-cell elements. Because of their typical behaviour under compressive load, and a long, nearly horizontal curve of stressstrain (stress plateau), they represent an ideal material for the absorption of impact energy [4] .
Research of aluminium foams is oriented in three directions: production, processing and application. Historic production processes controlled foam density rather than the growth of cellular structures, which led to unpredictable structural and mechanical properties of the end products. Improvements in production processes made commercial use of aluminium foams much wider [5] . Today, for design purposes numerical simulations of aluminium foams are applied [6] . With further development of additive or other cost effective manufacturing techniques, cellular materials show huge potential to become important light-weight structural materials of the future [7] . Aluminium, nickel, magnesium, lead, brass, titanium, copper, steel and even golden foams are known. Among them, aluminium foams are the most researched and commercially interesting, due to their extremely low density, high transformability, low thermal conductivity and competitive production prices [8] . To further improve their mechanical properties, metal matrix syntactic foams have been developed. In these porous materials the porosity is ensured by incorporating either ceramic or metallic hollow spheres [9] . The influence of hollow spheres and structures at different conditions and temperatures on mechanical properties was investigated [10] , [11] , [12] and [13] .
To achieve the final shape of aluminium foam products, machining is an widely used option [1] . The problem is that after machining, the outer surface becomes extremely porous, with strongly deformed cells, which changes the mechanical properties of the product. Machining of aluminium foam with a porous outer surface was studied by Hunt [14] . It was found that, with a special process of infiltration of a particular medium into the outer surface pores and appropriate cutting parameters, it is possible to achieve no deformation, and that surface porosity remains the same as before the treatment. For the same reason Mane [15] used ice as an infiltrant. Michailidis et al. [16] investigated milling of porous aluminium. They found that an increase of the chip thickness have a beneficial effect in avoiding burr formation and pore closures through permanent deformations of the workpiece. Jaeger et al. [17] compared four different methods of cutting open-cell aluminium foam, namely, cutting with a circular saw, band saw, cutting with wire, and Electrical Discharge Machining (EDM). It was observed that cutting with a circular saw and band saw resulted in significant plastic deformation of the cut surface. Cutting with saw wire and via EDM does not result in any local compression. Surface roughness of the EDM process was considerably worse than the result obtained with saw wire. Ghose et al. [18] investigated the processing of closed-cell aluminium foam by EDM. They identified various control parameters of EDM for effective machining of aluminium foam and achieving optimal surface roughness. Matz et al. [19] examined the influence of flushing on the EDM process. They found that high feed rate can be achived due to the good flushing conditions and low density of the material. Michalidis et al. [20] optimized the EDM process to eliminate surface cell damages, affecting the mechanical response under quasi-static and high-velocity impact loads. Liu et al. [21] used laser cutting process for efficiently and directly cutting of three different types and two levels of pore density of metal foams into regular shapes. The results show that metal foam with a good surface quality can be obtained without damaging the pore structure.
In general, the surface quality of metal foams is not sufficient for many constructive applications. Due to the foaming process, the surface of foams contains many cracks and oxides and is rough and wavy. Fluids or gases can penetrate into the foam along the cracks and open pores. If exposed to a corrosive environment, corrosion will not only start on the surface, but also within the foam. Furthermore, the integral skin is very thin, and cannot be machined to a decent surface finish [22] . When machining elements produced by indirect foaming in moulds, a thin layer of integral skin is removed (non-porous surface). This results in collapsing of the surface compactness and interruption of stress forces. Such products have reduced strength and they wear easily if exposed to friction, due to their porous surface and low hardness. Several methods and procedures have been developed in order to improve the quality of the outer porous surface, and, thus, wear and corrosion resistance and mechanical properties of the metal foams [22] , [23] , [24] and [25] . Qiao et al. [26] investigated the effect of surface structure on mechanical properties of open-cell aluminium foam after machining. They found that the strenght of these materials may be enhanced trought surface structural gradients. On the other hand, some forming processes have been applied to control the surface porosity of porous metals. To improve mechanical properties, for example, the surface of lotus-type porous copper has been formed by wire-brushing [27] . For the same reason, the shot peening process was used on porous copper [28] . In both processes the cell walls near the surface were plastically deformed, and a non-porous layer was fabricated at the surface with fine grains. Friction stir incremental forming process was applied on the surface of porous aluminium foam to fabricate a non-porous layer. In the process, the cell walls near the surface were plastically deformed by a rotating tool with a high rotation rate. A non-porous layer thinner than 0,4 mm was fabricated at the surface without internal fracture of the aluminium foam [29] . Kwon at al. [30] , modified the surface region of EDM aluminium foams by the Friction-Surface-Modifying and Rolling (FSMR) process. A new surface was obtained successfully through the FSMR process, which was considerably smoother and denser than that of the unprocessed aluminium foam.
According to the literature, the quality of the aluminum foam surface depends on its treatment processes. The aim of our research work is to determine the influence of different processing parameters on its surface porosity. Two different forming processes were used, namely, Friction Stir Incremental Forming (FSIF) and Friction Stir Rolling (FSR). Both processes are well-known in the forming of sheet metal, where plastic deformation and surface transformation occur due to a rotating tool [31] . The result of such sheet metal forming is a fine-grained surface structure of the product. The structure is formed by dynamic recrystallization at high temperatures, caused by friction [29] .
Materials and Methods
In this research work, a closed-cell aluminium foam, with the commercial name Foamtech® (supplier AlCarbon) ( Fig. 1 ) was used for FSIF and FSR studies. The technical properties of Foamtech® are given in Table 1 . A clamping device for the samples was designed and manufactured. The device was designed to allow rigid clamping of the samples without causing any structural deformation due to the clamping force. For forming, a carbide rod tool was used with 20 mm diameter and 1.5 mm rounding radius. The surface roughness of the tool was Ra1.6. The experimental work was carried out on a 4-axis, horizontal CNC milling machine Heller BEA1. Two processing methods were used. The first method was machining with the flat part of the tool (incremental forming, FSIF) ( Fig. 2a ). The second method was machining with the side part of the tool (friction rolling, FSR) ( Fig. 2b) .
Fig. 1. Closed-cell aluminium foam -Foamtech®

Fig. 2. Incremental forming (a), friction rolling (b)
Experimental part
The experiment was designed as a full factorial 3 3 experiment with three factors and three levels for each factor (Table 2 ). Each factor was tested at each level in every possible combination. A total of 27 experiments of FSIF and 27 experiments of FSR were performed. The entire surface of the samples was machined in three directional passes of the tool with a depth of 1 mm at each pass. The resulting surface porosity was used as the response of the experiment. The surface of the samples was painted yellow, to obtain a better contrast between the non-porous and the porous parts of the surface. Ten untreated samples were also painted. The mean value of their surface porosity represented the reference surface porosity value. High-resolution images of painted surfaces were taken with a digital camera. Removing a 2.5 mm wide edge reduced the size of the surface to be analysed to (45 x 35) mm, and eliminated the influence of deformation at the edges. Image segmentation with a multispectral threshold algorithm, slicing technique, and interactive selection of the threshold with aid of an image histogram, was used to transform the images to binary form. By thresholding each channel separately and combining the results using Boolean operations, we effectively found segments of the ndimensional channel space (where n is the number of channels), where each image pixel was plotted using its channel values for coordinates. After thresholding and combining the red and the green channel for each pixel and excluding the pixels with a high blue value, the result was an image of yellow and black pixels. (Fig. 3a) . Yellow pixels, which represent the nonporous surface, were transformed to white pixels, to create the final black and white binary image (Fig.  3b ).
Fig. 3. Yellow/black image (a), binary image (b)
The proportion of white pixels in relation to the total number of image pixels represented the proportion of the non-porous surface relative to the total area analysed.
The proportion of the non-porous surface Snp of a sample was evaluated (the surface coloured yellow). According to Eq. (1), the proportion of surface porosity Sp was calculated, whereby it was presumed that value 1 represents a completely non-porous surface.
The mean reference value of the surface porosity Sp,mid of the ten untreated reference samples was calculated using Eq. (2), where Sp,r is the surface porosity of the individual reference sample, and k is the number of reference samples.
Change of surface porosity for each sample was calculated according to Eq. (3). Relationships between spindle speed, feed rate, processing depth (explanatory variables) and change of surface porosity (response variable) were explored by response surface methodology. The influence of processing parameters on surface porosity is shown in the graphs below. Fig. 4 shows the dependence of the surface porosity reduction on spindle speed and feed rate, at 2, 4 and 6 mm depth for FSIF and FSR. At the 2 mm processing depth (a), the change in surface porosity is relatively small (from 47 % to 68 %) and distributed randomly, which is due to the size of the aluminium foam cells. At the processing depth 4 mm (b) the influence of the processing parameters on the decreasing of surface porosity is already noticeable. By increasing the spindle speed and decreasing the feed rate, up to 87 % reduction of surface porosity was achieved with FSIF and FSR. Surface porosity reduction is even more pronounced at 6 mm processing depth (c). 98 % reduction of surface porosity was achieved with incremental forming at the maximum spindle speed and the minimum feed rate. Even with FSR, the maximum surface porosity reduction was achieved with increasing of spindle speed, while the feed rate shows no significante effect.
Results and Discussion
Fig. 4. Surface porosity reduction at 2 mm (a), 4 mm (b) and 6 mm (c) depth of FSIF and FSR
On the Fig. 5 , surface porosity reduction at the different feed rate is shown. It is clear from the graphs that, at constant feed rate of 200 mm/min (a) surface porosity decreases (achieved over 90 %) with increasing spindle speed and depth of processing. This trend of surface porosity reduction applies to FSIF and FSR. At the constant feed rate 500 mm/min (b) and increasing processing depth and spindle speed, higher values of surface porosity reduction were achieved with FSIF than with FSR. Maximum achived reduction of surface porosity for FSIF was 87 % while surface porosity reduction with FSR did not exceed 76 %. The trend of surface porosity reduction at 1000 mm/min (c) is similar to the trend where a feed rate of 500 mm/min was used. The maximum reduction of porosity at feedrate 1000 mm/min did not exceed 85 % for both processes. 6 shows the dependence of the surface porosity reduction on processing depth and the feed rate, at a different spindle speed. It can be seen from the graphs that at spindle speed 16 rpm (Fig. 6a ) surface porosity reduction was achieved only with increasing of processing depth, while the feed rate did not have significant influence on the final results. The maximum reduction of surface porosity at 16 rpm was 83 % for FSIF and 78 % for FSR. At constant spindle speed of 2000 rpm (Fig. 6b ) can be seen that processing depth has a greater influence on the reduction of surface porosity than feed rate.
Reduction of surface porosity due to an increase of the processing depth from 2 mm to 6 mm is about 20 %, and for decreasing the feed rate from 1000 mm/min to 200 mm/min, only 10 %. The largest reduction of surface porosity was 90 % for FSIF and 83 % for FSR. The trend of decreasing surface porosity at constant spindle speed 4000 rpm ( Fig. 6c ) was approximately the same as for processing at 2000 rpm, but the maximum achived reduction of surface porosity for FSIF was 98 % and 94 % for FSR.
Fig. 6. Surface porosity reduction at 16 rpm (a), 2000 rpm (b) and 4000 rpm (c) spindle speed of FSIF and FSR
From the test results obtained, we can conclude that changing the process parameters of incremental forming and friction rolling influences surface porosity significantly. Over 90 % reduction of surface porosity was achieved for both processes. The highest reduction of surface porosity, 98.3 %, was achieved by FSIF at spindle speed 4000 rpm, feed rate 200 mm/min and processing depth 6 mm. With FSR, the highest value achieved was 96.1 % at spindle speed 4000 rpm, feed rate 500 mm/min and processing depth 6 mm. Processing depth, followed by spindle speed, have the greatest impact on porosity reduction. Reducing of feed rate has a lower impact on surface porosity and also increases processing time, which is not reasonable. To reduce porosity, it is reasonable to increase spindle speed, since the increase of the processing depth is limited by the shape of the work piece and processing time. It is also evident from the results that an average 5 to 10 % higher decrease of surface porosity was achieved in incremental forming rather than frictional rolling. Altough the FSIF and FSR processes of aluminium foam has been studied previously [21] , [30] , so far this is the first report where the influence of different machining parameters on surface porosity reduction was investigated. When compared to published papers, in this study different strategies of machining were used and surface porosity analysis were carried out, using image segmentation with multispectral threshold algorithm.
Conclusions
We found that forming aluminium foams with incremental forming or friction rolling enables the reduction of surface porosity of aluminium foam elements previously processed with cutting (sawing, milling, turning). A non-porous outer surface (integral skin) that improves mechanical properties (e.g. strength) of the finished elements was formed using different machining parameters. By forming the material, the stress field (force lines) becomes smooth and continuous, which reduces the notch effect and raises compressive strength. Despite the high deformation depth, deformation of the processed elements remains in the local area, which is due to the cellular structure and good transformability of aluminium foams. Compact aluminium foam elements can be produced with combinations of cutting operations (milling, turning) and forming operations (incremental forming, friction rolling). Both operations can be carried out on the same machine, which lowers costs substantially. In comparison with small batch production of elements foamed into moulds, the incremental forming or friction rolling methods are cheaper, because there are no costs of mould making, and semi-finished products can be used, such as blocks, bars and sheets.
